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ABSTRACT: Commercially used LiNi1/3Mn1/3Co1/3O2 (NMC111) in lithium-ion
batteries mainly consists of a large-grained nonporous active material powder prepared
by coprecipitation. However, nanomaterials are known to have extreme influence on
gravimetric energy density and rate performance but are not used at the industrial scale
because of their reactivity, low tap density, and diminished volumetric energy density. To
overcome these problems, the build-up of hierarchically structured active materials and
electrodes consisting of microsized secondary particles with a primary particle scale in the
nanometer range is preferable. In this paper, the preparation and detailed characterization
of porous hierarchically structured active materials with two different median secondary
particle sizes, namely, 9 and 37 μm, and primary particle sizes in the range 300−1200 nm
are presented. Electrochemical investigations by means of rate performance tests show
that hierarchically structured electrodes provide higher specific capacities than
conventional NMC111, and the cell performance can be tuned by adjustment of
processing parameters. In particular, electrodes of coarse granules sintered at 850 °C
demonstrate more favorable transport parameters because of electrode build-up, that is, the morphology of the system of active
material particles in the electrode, and demonstrate superior discharge capacity. Moreover, electrodes of fine granules show an
optimal electrochemical performance using NMC powders sintered at 900 °C. For a better understanding of these results, that is, of
process-structure−property relationships at both granule and electrode levels, 3D imaging is performed with a subsequent statistical
image analysis. Doing so, geometrical microstructure characteristics such as constrictivity quantifying the strength of bottleneck
effects and descriptors for the lengths of shortest transportation paths are computed, such as the mean number of particles, which
have to be passed, when going from a particle through the active material to the aluminum foil. The latter one is at lowest for coarse-
grained electrodes and seems to be a crucial quantity.
KEYWORDS: hierarchically structured electrodes, process-structure−property relationships, primary particle size effect,
secondary particle size effect, porous active material, prediction of effective conductivities, 3D imaging, statistical image analysis
1. INTRODUCTION
Energy revolution is nowadays one of the most important
topics in scientific research as well as in politics and is essential
to reach climate goals. A crucial aspect of energy revolution is
to find storage solutions for electrical energy generated
exclusively from renewable sources such as wind and solar
power, to ensure green mobility free from fossil energy sources.
In this respect, lithium-ion batteries (LIBs) are an efficient and
green key technology. However, LIBs must ensure battery
specifications, which go along with current needs, for example,
for locomotion in electric vehicles (EVs) or energy storage. To
be comparable to combustion engines, LIBs for automotive
applications should reach at least a specific energy density of
350 Wh/kg and a driving range of more than 500 km1 as well
as charging times within less than an hour. At the moment,
these goals are not reached yet for pure EVs because cathode
materials limit the application because of their smaller amount
of cyclable lithium and their restricting transport properties.2,3
One way to diminish the gap between theoretical and practical
capacity is the alteration of the morphology of active materials
and reduction of transport lengths for ions and electrons as
already pursued by nanostructuring, which can improve energy
densities and rate capability effectively through shortening
diffusion paths and improving electronic conductivity.4,5
Furthermore, it is known that the mechanical stability of
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cathode active materials improves with decreasing primary
particle sizes and that nanosized active material particles are
less susceptible to crack formation than their bulk, macrosized
counterparts.6 It is not only the primary particle size that is
decisive but also the microstructure of the corresponding
secondary particles. For example, the fracture behavior of
dense single NCM111 secondary particles consisting of
submicron primary particles is dominated by intergranular
fracture and independent of the secondary particle size.7
Despite all advantages, nanomaterials are more complicated to
handle because of their small particle sizes and high surface
areas, which provoke side reactions,5 agglomeration, and low
tap density.8 This, in turn, results in capacity fade and low
volumetric energy density.9,10
To overcome these problems, hierarchically structured
materials, where the active material consists of microparticles
built up by nanoparticles as subunits, can be used.11 For
example, Dreizler et al. reported on the benefits of hierarchi-
cally structured NMC111 active materials and electrodes
compared to nonporous, bulk NMC111. Hierarchically
structured NMC111 resulted in higher specific capacities
during long-term electrochemical load cycling and showed a
different aging behavior. While a nonporous, bulk active
material showed considerable crack formation after 8000
cycles, nanostructured powders of hierarchically structured
electrodes did not show cracking but exfoliation as the mode of
failure.12 Nevertheless, to the best of our knowledge,
hierarchically structured materials are neither well understood
nor investigated in detail or used at the industrial scale in
comparison to their bulk counterparts. Furthermore, there are
few investigations regarding the influence of size effects in
terms of primary and secondary particle sizes of the active
material on both the electrochemical performance of hierarchi-
cally structured electrodes and the relationships between the
morphology of the open porous active materials13 and the
electrode build-up. As NMC is one of the commonly used
active material classes in portable devices and applied in the
automobile sector,14 we pursue the approach of hierarchical
structuring of the NMC111 active material and the
investigation of process-structure−property relationships by
means of experimental methods and statistical image analysis.
Focused ion beam electron scanning microscopy (FIB-SEM)
and 3D imaging by synchrotron tomography are suitable tools
to investigate the active material’s structure and electrode
morphology in detail.15,16 The aim is to identify morphological
differences in the active material and electrode build-up and to
correlate them with processing parameters and with the cell
performance as this was done for different battery materials in
the literature.17−19 To do so, geometrical microstructure
characteristics, which are known to be important for effective
transport properties, such as the volume fraction ε,
constrictivity β, and mean geodesic tortuosity τ,20 are
computed, for both analyzing the morphology of individual
active material particles and the system of active material
particles in the electrode. Doing so, the M-factor that is defined
as the ratio between effective and intrinsic conductivity is
predicted for the individual active material particles and
quantifies the influence of nanostructuring on effective
transport. Additionally, we introduce a particle-based tortuos-
ity, which seems to be a crucial quantity characterizing the
system of active material particles in the electrode. In the
following, the target-oriented preparation and characterization
of hierarchically structured active materials and electrodes are
described. Moreover, the results of the performed electro-
chemical investigations are given followed by a detailed
discussion of morphological effects of active materials and
electrodes, which have been determined by statistical image
analysis.
2. EXPERIMENTAL SECTION
NMC111 from Toda Kogyo Corp. was suspended in deionized water
with Darvan 821A dispersant and ground in an agitator bead mill
(LabStar LS1, Netzsch) with 0.2 mm ZrO2 beads at 3000 rpm. The
grinding process was monitored by laser diffraction to determine
particle size distribution and mean particle size d50,3. As the mean
particle size reached a value of around 220 nm, the suspension was
split and was spray-dried in a MobileMinor spray dryer from GEA at
two different wheel speeds, namely, 39,000 and 12,000 rpm to obtain
two different secondary particle sizes. The fractions were sintered at
850, 900, and 950 °C for 5 h in air (5 L/min) for adjustment of the
primary particle size and porosity. The sintered granule powders were
characterized as follows: The secondary particle size was determined
via laser diffraction (Horiba LA950, Retsch Technology) and the
surface area through N2 adsorption with evaluation by Brunauer−
Emmett−Teller (BET) theory (Gemini VII 2390, Micromeritics),
and the granule porosity and pore size distribution was measured by
mercury intrusion porosimetry (MIP) (CEI Pascal 1.05, Thermo
Electron). The granule porosity (Pg) was calculated from the total
pore volume and theoretical density.12 FE-SEM investigation (Supra
55, Zeiss) in combination with image analysis (imageJ Software) was
used for morphological inspection and estimation of primary particle
size distribution, while primary particle sizes are based on Feret
diameters. X-ray diffraction (XRD) measurements of the ground
powder as well as the spray-dried and sintered materials were
performed at a Siemens D5000 diffractometer in reflection mode with
CuKα radiation (λ1 = 1.5406 Å, λ2 = 1.54443 Å), and Rietveld
refinement was performed with a TOPAS software package. To check
the overall composition after material processing, inductively coupled
plasma-optical emission spectrometry (ICP-OES) measurements
(iCAP 7600 Duo, Thermo Fisher Scientific) were performed.
Cathodes for electrochemical testing were prepared by mixing
PvdF binder (KYNAR, Powerflex LBG-1), active materials, and
carbon black (Timcal, C65) in a 1:8:1 ratio in NMP and doctor
blading the slurry at 200 μm gap height on an aluminum current
collector. The foils were dried overnight at 80 °C and were processed
to half cells without calendering. Active material loadings of 6−7 mg/
cm2 were obtained. The electrode layer porosities (PE) were
calculated from the layer mass, thickness, and theoretical layer
density (3.62 g/cm3). The layer thickness was acquired by
measurement with a thickness gauge at 10 spots on each electrode
layer.
Swagelok-type cells were built from the as-prepared cathode layers,
a Whatman GF/C separator, a Li-anode, and 80 μL LP30 electrolyte
(1 M LiPF6, v/v: 1:1 DMC:EC) from Sigma-Aldrich. For electro-
chemical testing, a BT2000 battery cycler from Arbin Instruments was
used. Galvanostatic cycling at discharge rates of C/20, C/10, C/5, C/
2, 1C, 2C, 3C, 5C, 7C, and 10C with 1C corresponding to 183 mAh/
g was performed in the voltage range between 4.3 and 3.0 V, whereas
the charging rate was retained at C/2 from 1C on.
As in our previous publication,21 experimental characterization of
the microstructure of the considered NMC111 electrodes is
complemented by statistical image analysis. In the present paper,
the results are based on 3D image data on two different length scales.
The inner structure within individual secondary particles was
investigated by means of FIB-SEM tomography using a ZEISS
Crossbeam 350. For milling, a gallium gun was used with an energy of
30 keV and a current of 3 nA. The serial cross sections were scanned
with an electron energy of 1 keV and a pixel size of 10 nm. Data drift
correction, image brightness homogenization, and thresholding were
performed using Fiji resulting in classified 3D data sets with an
isotropic voxel size of 10 nm.
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To investigate the structure of the ensemble of secondary particles
in the electrode, synchrotron tomography22,23 was performed at
DESY (P05) and at BESSY II (BAMline). The electrodes were
measured with a photon energy of 25 and 30 keV for thin and thick
electrodes, respectively, resulting in a combined phase and absorption
based contrast. A Paganin filter was applied to transform and enhance
the phase contrast of the porous binder-additive phase. For the
segmentation, that is, the classification of the aluminum foil of the
electrode, the binder-additive-pore phase, and the active material, the
trainable Weka segmentation24,25 was used. A random forest classifier
was manually trained on 0.5% of the measured raw data.
For image data of both length scales, we computed the volume
fraction ε and experimentally nonaccessible microstructure character-
istics of the active material such as the constrictivity β and mean
geodesic tortuosity τgeod
20,26,27 quantifying the strength of bottleneck
effects and the length of shortest transportation paths, respectively.
Additionally to τgeod, we compute for each active material particle the
minimum number of particles, which have to be passed, when going
from this particle through the active material to the aluminum foil, see
the sketch in Figure S5 of Supporting Information Part B. This
number is then normalized by the minimum distance of the particle
center to the aluminum foil. The corresponding mean value can be
considered as a particle-based tortuosity, which we denote by τparticle.
Constrictivity is defined by β = rmin
2 /rmax
2 , where rmin is a geometrically
defined radius of the typical bottleneck and rmax is the maximum
radius r such that 50% of the considered phase can be covered by
spheres of radius r being completely contained in this phase. For
prediction of the M-factor, that is, the ratio of effective over intrinsic
conductivity, we use an empirically derived prediction formula.20 The
latter one was used to predict the M-factor of primary particles within
individual secondary particles. The main results of statistical image
analysis are shown and discussed in Section 3.3. Additional
descriptions are given in Supporting Information Part B.
3. RESULTS AND DISCUSSION
3.1. Active Material Characterization. After spray
drying, spherical granules with mean secondary particle sizes
of around 9 μm for the fine powders and 37 μm for the coarse
powders (Figure 1 and Figure S1 in Supporting Information
Part A) are obtained. Mean granule sizes coincide for the
sintering temperatures of 850, 900, and 950 °C for fine and
coarse granules, and identical trends, namely, increasing
primary particle sizes and decreasing surface areas and granule
porosity with increasing sintering temperature, are observed
because of densification and grain growth (Table 1). The
powders are denoted as ’F′ for fine and ’C′ for coarse-sintered
granules and designated as original for the nonstructured
NMC111 reference material from now on. The sintering
temperature will be given as an additional annotation, for
example, F850, for fine granules sintered at 850 °C. An
extreme leap in the primary particle size is observed between
900 and 950 °C for both granule sizes. It can be explained with
grain growth mechanisms, which originate from volume
diffusion and diffusion along grain boundaries.28 In contrast,
the original material occurs as irregular and partially broken
aggregate particles with a mean secondary particle size of 8.4
μm, comparable to the fine ones. The corresponding powder
cross section is shown in Figure S2 of Supporting Information
Part A. The original material shows a mean primary particle
size of 765 nm, a small surface area of 0.4 m2/g, and a more or
Figure 1. Scanning electron microscopy (SEM) micrographs of differently manufactured microsized active material particles: (a) F850, (b) F900,
and (c) F950. In (d)−(f), corresponding primary particles are visualized at higher magnification.
Table 1. Powder Characteristics of the Original Starting
Material and Fine and Coarse Granulesa
sample F850 F900 F950 C850 C900 C950 original
SPsize d50,3
[μm]
8.3 8.8 9.0 37.3 37.1 37.1 8.4
PPsize d50,3
[nm]
357 471 944 412 594 1199 765
ABET [m
2/g] 4.3 2.6 0.5 3.4 1.6 0.7 0.4
PG [%] 46 38 20 43 31 18
modes of pore
sizes [nm]
113 155 188 127 157 167
aSP = secondary particles, PP = primary particles, SP sizes are
obtained by laser diffraction, PP sizes were computed by means of
image analysis, ABET = specific surface area determined by means of
BET Theory, and Pg = granule porosity deduced from MIP.
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less dense inner structure with no open porosity.12 The mean
primary particle size of the original powder lies in between the
sizes of correspondingly structured powders sintered at 900
and 950 °C, respectively (Table 1).
For fine and coarse granules sintered at 850, 900, and 950
°C, porosities of 46 and 43%, 38 and 31%, and 20 and 18%,
respectively, were obtained, which result from particle
coarsening and sintering. Likewise, modes of pore sizes are
increasing because of the coarsening of solid and pore phases.
Figure 2. XRD patterns for the original powder, primary particles ground in water, and the hierarchically structured samples F850-F950 and C850-
C950 after sintering.
Figure 3. Rate performance tests for hierarchically structured electrodes of (a) F850-F950 and (b) C850-C950 in the voltage range of 3.0−4.3 V.
(c) Voltage−capacity plots of C850, F900, and the original reference material at C/20 (solid) and 10C (dashed) discharging rate. (d) dQ/dU-plots
of C850, F900, and the original reference material at C/20 (solid) and 10C (dashed).
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A good accessibility of the pore phase is ensured because of
macropores for all granule powders and the low surface tension
of generally used organic electrolytes. Noteworthy are the
differences in the primary particle sizes for fine and coarse
granules despite identical temperature treatment. Coarse
granules lead to slightly higher primary particle sizes and
lower porosities than fine granules after sintering at the same
temperature, which indicates a slightly deviating sintering
behavior, even though the same ground powder was used for
the production of these cathode materials.
The XRD patterns shown in Figure 2 of the considered fine
and coarse granulated powders provide insights into material
integrity and purity after annealing. All patterns represent
NMC111, which crystallizes in space group R3m̅ in the α-
NaFeO2 structure type. No impurity phases are found after
grinding and sintering. The ground primary particles give the
typical peak broadening according to crystallite sizes in the
submicrometer range. From Rietveld refinement, crystallites
with 22 nm size were obtained, whereas the nanostructured
granules are well-crystallized powders and show no broadening
at all. Lattice parameters are given in Table S1 of Supporting
Information Part A. C/a-ratios are above 4.97 for all granules,
which indicates a well-ordered layered structure28 before
grinding and after sintering. The c/a-ratio is slightly increasing
for each granule size with temperature. Slight differences in
lattice parameters of fine and coarse granules point out that
there are small differences in the atomic scale like exchange of
Li+ and Ni2+ on their positions. The synthetic route is known
to have an influence on the c/a-ratio.29 Lattice parameters are
nevertheless in good agreement with literature data30 for
slightly overlithiated NMC111. ICP-OES measurements
complementarily proved compositional integrity of the
considered sintered fine and coarse granules with a slight
excess of lithium of up to 2%. The original starting material
contains a surplus of 5% and is in good accordance with
granulated materials. Note that the analysis of the granulated
active material by ICP-OES and the prior dissolution of the
active material do not disclose differentiation of Li belonging
to Li2CO3 on the surface. In general, compositional integrity of
the material is maintained during spray granulation so that the
electrochemical performance will be ascribed to morphological
characteristics of the active material.
3.2. Electrochemical Investigations. Figure 3a,b displays
the results of C-rate-dependent cycling tests of hierarchically
structured electrodes with fine and coarse granules and their
nonstructured counterpart to investigate differences in
performance caused by morphological characteristics. Dis-
charge capacities were tested between C/20 and 10C and give
the typical grading of electrochemical performance depending
on the C-rate caused by kinetic restrictions of the active
material and the electrodes. It is obvious that improved
discharge capacities over all C-rates can be obtained for the
low-temperature sintered hierarchically structured electrodes
F850, F900 and C850, C900 compared to the nonstructured
active material. Depending on the granule size, the optimal
sintering temperatures seem to be different for fine and coarse
granules, so that electrodes with 9 μm secondary particles
perform best for all C-rates, when sintered at 900 °C, whereas
for coarse secondary particles, a sintering temperature of 850
°C seems to work better. In addition, performances of
electrodes with fine granules are much closer to each other
than those of the electrodes with coarse granules.
F900 delivers mean discharge capacities of around 161
mAh/g at C/20, 100 mAh/g at 5C, and 60 mAh/g at 10C with
good cycling stability for consecutive cycles at the same
discharge rate. C850 provides 164, 120, and 98 mAh/g,
whereas the original nonporous material shows capacities of
158, 85, and 28 mAh/g for corresponding C-rates. F950 and
C950 electrodes perform more or less comparable or slightly
worse than the nonstructured reference electrode up to 3C but
they outperform it at even higher rates. Qualitative trends are
known from nanostructured agglomerated powders31 but seem
also to hold true for hierarchically structured active materials
combining properties of macro and nanoparticles. As the rate-
controlling step for fast charge and discharge is the solid-state
diffusion of Li+-ions in NMC111 because of its low diffusion
coefficient,32 a reduction of the diffusion length is known to
speed up the diffusion rate proportionally to L2/D, where L is
the diffusion length and D is the diffusion coefficient.1 This
effect is clearly visible at medium and high cycling rates for
low-temperature sintered hierarchically structured electrodes
compared to nonstructured electrodes or electrodes of high-
temperature sintered granules. Furthermore, the combination
of small primary particle sizes, high surface areas, and
porosities contributes essentially to discharge capacities
because the porosity has an effect on the ionic conductivity
of Li+ inside the granules and the extraction of lithium out of it.
A comparable effect is known from microcracks in the active
material, which allow the electrolyte to penetrate the material
more effectively.33 In this regard, the effect of inner porosity
for F950 and C950 is seen at high rates compared to the
original material, though the larger primary particle sizes limit
the diffusion. The diffusion lengths are drastically reduced for
F850/F900 and C850/C900, and a good electrolyte
penetration is given, so that solid-state diffusion of Li+-ions
is not limiting anymore, and the electron transport inside the
granule active material plays a more significant role. The
Coulombic efficiencies of the first and second cycles are given
in Table S2 of Supporting Information Part A. These values
prove that the hierarchically structured electrodes consume less
lithium during the formation process and that they perform
more efficient during the performance test compared to the
original nonstructured electrode.
In Figure 3c, voltage−capacity plots of C850, F900, and the
nonstructured original material at C/20 and 10C are given to
illustrate the differences in overall performance. In general,
especially at the beginning, a different course of the charging
curves is observed for the hierarchically structured electrodes
compared to the nonstructured ones, so that the potential
window is used more efficiently. During discharge at low rates,
the potentials for the structured samples follow more or less
the same trends with a prolonged discharging time leading to
more reinserted lithium for hierarchically structured samples.
At the highest current rate (10C), the discharge curves of cells
with a nanostructured cathode material are clearly shifted to
higher voltages and show a shallower decline, which indicates
the kinetic benefit of this electrode structure. First of all,
differences can be explained by increasing conductivity with
granule sizes. Furthermore, Li+-ions ensue a surface conduction
mechanism, and electrons tend to pass through the granules.34
From the dQ/dU-plots at C/20 (Figure 3d), the typical
redox response of NMC111 as the superposition of the Ni2+/
Ni4+- and Co2+/Co3+-redox reactions during delithiation and
lithiation is seen. The curves for hierarchically structured
electrodes deviate from the usual course during lithiation
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especially for small voltages (3.65−3.75 V) by a small shoulder.
The mentioned shape varies with morphological characteristics
by varying temperature treatment. A slight change of the
charging curve up to 3.8 V in the first cycle had been reported
by Li et al. and was assumed to stem from the preparation
method and the true chemical composition for their
materials.18 In our case, it might also stem from the surface
layers of granules as the particle surface could deviate in
composition compared to the inner part of the granules
because of the manufacturing process. However, the
significantly larger surface area alone could lead to a different
course of the potential curve. Going to 10C, strong
polarization effects are seen as shifts between redox-peaks
and a grading of polarization is recognized, comparable to the
observed performance with the nonstructured electrodes
having the largest polarization. A more detailed description
of the observed structure−property relationship requires a
more detailed analysis of the geometrical microstructure
characteristics.
3.3. Morphological Analysis of Individual Nano-
structured Active Material Particles. To evaluate morpho-
logical differences of fine and coarse granule active materials
and the electrode build-up, FIB-SEM imaging as well as
synchrotron tomography was performed. Statistical image
analysis of F850/F900- and C850/C900-granule powders was
evaluated because their performance differs significantly
despite the same sintering conditions. For individual active
material particles, the M-factors, defined as the ratio of
effective over intrinsic conductivity, were predicted by means
of geometrical microstructure characteristics.20 Figure 4
visualizes cross sections of the granules F850, F900, and
their coarse counterparts. Cross sections of F950 and C950 are
displayed in Figure S4 of Supporting Information Part A.
Doing so, a M-factor of 0.46 for F900 and 0.20 for F850 was
obtained. For coarse granules, the M-factor increases to 0.47
for C900 and 0.38 for C850. The effect of sintering
temperature on the formation of the granule microstructure
and thus on effective electronic conductivity is more
pronounced for fine than for coarse granules because the M-
factor is more than doubled when increasing the temperature
by 50 °C. As can be seen for F850, the granule structure shown
in Figure 4a exhibits small primary particle sizes and with that
smaller and less areas of contact between primary particles,
while F900 shows a strong coarsening with formation of larger
contact areas. The structure variation for the fine granules is in
good agreement with the formerly mentioned increase of the
M-factor. For coarse granules, the increase of effective
conductivity because of the increase of temperature amounts
just to 24%, whereas the M-factor in general is larger for 850
°C. The observed changes in the M-factor for F850 and F900
are in good agreement with our electrochemical observation
that F900 performs better than F850, although the primary
particles are larger. Despite the same trend in the M-factor for
coarse granules, C850 and C900 do not follow the trend of
electrochemical performance precisely as C850 performs
superior to C900. Predictions of the M-factor for the pore
Figure 4. Cross sections of secondary particles sintered at (a) 850 °C (F850) and (b) 900 °C (F900) and corresponding coarse granules sintered at
850 °C (C850) in (c) and 900 °C (C900) in (d).
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phase, which can be interpreted as the ratio of effective over
intrinsic diffusivity,35 behave contrarily to the M-factor of the
solid phase. In particular, we obtained the values of 0.33, 0.10,
0.17, and 0.10 for F850, F900, C850, and C900, respectively.
This suggests that in contrast to the fine granules, the
differences in the predicted effective conductivity are less
important for C850 and C900 but rather the Li+ diffusion into
the active material and thus the different primary particle size.
In Figure S3, a summary of the rate performance tests in
dependence on granule sizes is displayed and outlines the
superior performance of C850 compared to F900. Why the
coarse granulesindependent of the inner structure of the
active materialsshow a better performance than the fine
granules is not clear from intrinsic properties of the material.
To elucidate the observed differences with respect to
performance, the electrode build-up, that is, the morphology
of the system of active material particles in the electrode will be
analyzed and discussed in the next section.
3.4. Morphological Analysis of the System of Active
Material Particles in the Electrode. In this section, we
evaluate the effect of secondary particle sizes and active
material porosity on the morphology of the electrode. For this
purpose, geometrical characteristics such as the layer thickness,
porosity, and volume fractions of the constituents were
experimentally determined, and statistical analysis of 3D
image data obtained by synchrotron tomography was
performed. The latter one enables for the computation of
experimentally nonaccessible microstructure characteristics.
The experimentally computed characteristics are summarized
in Table 2.
A decreasing trend in the layer thickness for electrodes with
fine and coarse secondary particles is observed with increasing
sintering temperature. For the layers with fine granules, slightly
smaller layer thicknesses are obtained because of the more
regular packing of F850-F950. The electrode porosity PE is
between 57 and 61% for fine and between 51 and 66% for
coarse granules, respectively, with an increasing trend in
sintering temperature. In general, these are typical values for
uncalendered hierarchically structured electrodes, and fine and
coarse electrodes individually show more or less constant
electrode porosities for all sintering temperatures, which is a
quality feature of the considered layers. Accordingly, PE,g,
which is the electrode porosity including granule porosity, is
even higher for fine and coarse hierarchically structured
electrodes and shows a decreasing trend going from F850 to
F950 and from C900 to C950 because of the varying sintering
temperature and inner porosity. Nevertheless, the ratio of layer
thickness to granule size is quite different for fine and coarse
electrode layers. Layers containing fine granules accumulate
around eight granules over their height and are multigranule
layers, while layers of coarse granules contain just around one
to two stacked granules. Differences prevail because of the
arrangement of fine and coarse granules, secondary particle size
distribution, and the worse packing density of coarse secondary
particles. The nonstructured NMC111 layer exhibits a porosity
PE of 54% and gives a slightly denser electrode packing because
of the irregular particle shapes, which can fill the space more
efficiently. Regarding electrode porosity, it is common that a
reduced porosity can improve electrochemical performance as
known from calendaring.19 Note that the porosity of the
reference layer with the nonstructured active material is
comparable to F850 while its performance is comparable to
that of F950. This observation strongly suggests that
microstructural effects beyond porosity are crucial for the
performance of the considered electrodes.
In Figure 5, the reconstructed 3D images of the hierarchi-
cally structured fine and coarse electrodes F900 and C900 as
well as the nonstructured original electrode are visualized. In
Figure 5b, the larger secondary particle size of C900 can be
recognized compared to F900 and the nonstructured electrode
in Figure 5a,c, which display comparable secondary particle
sizes and a visually similar electrode build-up.
Based on tomographic image data representing the
morphology of the system of active material particles in the
Table 2. Mean Values and Standard Deviations of Layer Properties of Hierarchically Structured Electrodes (F850-F950 and
C850-C950) and the Nonstructured Reference Electrode (Original)a
electrode F850 F900 F950 C850 C900 C950 original
loading [mg/cm2] 6.3 ± 0.6 6.2 ± 0.5 6.5 ± 0.3 5.9 ± 0.8 6.3 ± 0.7 6.5 ± 0.6 6.6 ± 0.2
layer thickness [μm] 76 ± 5 71 ± 6 66 ± 6 86 ± 5 79 ± 7 75 ± 4 50 ± 4
ε (NMC) without Pg [%] 18 ± 3 19 ± 2 21 ± 2 15 ± 2 17 ± 2 18 ± 2 28 ± 2
ε (NMC) including Pg [%] 32 ± 5 30 ± 3 26 ± 3 27 ± 4 24 ± 3 22 ± 2 -
electrode porosity PE,g with Pg [%] 71 ± 3 69 ± 3 66 ± 3 63 ± 5 73 ± 3 70 ± 3 54 ± 3
electrode porosity PE [%] 57 ± 5 58 ± 5 61 ± 4 51 ± 7 65 ± 4 66 ± 3 54 ± 3
ε (PvdF) [%] 11 ± 2 12 ± 1 13 ± 1 9 ± 1 11 ± 1 12 ± 1 18 ± 1
aPg = granule porosity, PE,g = electrode porosity including granule porosity, and PE = electrode porosity without granule porosity
Figure 5. 3D images of hierarchically structured electrode layers containing (a) F900 granules, (b) C900 granules, and (c) the nonstructured
NMC111 original active material.
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electrode, we compute further microstructure characteristics by
statistical image analysis, which are experimentally not
accessible. The results are shown in Table 3.
Note that for the computation of transport-relevant
microstructure characteristics concerning the system of active
material particles, the inner porosity of granules is not taken
into account, and the spatial arrangement of the additive-
binder phase is not considered. The volume fractions
computed by means of image analysis are in reasonable
accordance with those obtained from experiments, see Table 2.
The experimentally determined volume fractions of the active
material increase with the temperature because of sintering.
Deviations between the experiment and image analysis
regarding the volume fractions occur for C900 and C950.
Note that the electrodes with coarse active material particles
are relatively thin compared to the size of their active material
particles, see Figure 5b. Moreover, it is not clear a priori which
voxels, being classified as void, are pore voxels of the electrode
and which of them are outside of the electrode. This influences
the results with respect to the volume fractions of C850, C900,
and C950 significantly. The values for mean geodesic
tortuosity τgeod are between 1.29 and 1.33 for electrodes with
fine secondary particles, whereas for hierarchically structured
electrodes with coarse secondary particles, these values are
between 1.15 and 1.54. The constrictivities of electrodes with
coarse granules amount to 0.05−0.16 and to 0.08−0.12 for
electrodes with fine granules. In general, constrictivities and
mean geodesic tortuosities close to 1 means that there are no
bottlenecks and transportation paths going directly through the
structure. The obtained results regarding the volume fraction,
mean geodesic tortuosity, and constrictivity do not allow for an
explanation of the experimental results with respect to the
performance of the electrodes, see Figure 3. Furthermore, we
computed τparticle as defined in Section 2. The obtained mean
values are given in Table 3, while the histograms representing
the distribution corresponding to τparticle are shown in Figure
S6 of Supporting Information Part B. Here, one can observe
that τparticle is much smaller for C850-C950 (0.01−0.03)
compared to F850-F950 (0.18−0.20), which means that the
conduction paths have to pass fewer resistances between
different active material particles in the case of coarse granules.
Our analysis suggests that this might be the dominant factor
influencing the performance. In particular, the electrode that
performs best (C850) has the lowest value of τparticle.
Moreover, the performance of nanostructured electrodes with
fine granules is better than the one of electrodes with
nonstructured active material despite a lower value of τparticle
(0.14) for the original electrode considered in the present
paper. This means that the effect of nanostructuring is more
pronounced, but provided that nanostructuring is performed,
τparticle seems to be a crucial quantity.
4. CONCLUSIONS
We have presented a simple procedure of hierarchically
structuring active materials by means of grinding and spray
drying for the active material NMC111 and have shown how
the variation of process parameters regarding the sintering
temperature and spray parameter can influence the morphol-
ogy and the size of individual active material particles, the
morphology of the system of active material particles in the
electrode, and the electrochemical performance of the
electrode. In general, it was observed that granules sintered
at 850 and 900 °C show the best electrochemical performance,
but differences prevail because of the granule size and
electrode morphology. For increasing sintering temperature,
the primary particle sizes are increasing, which is the major
limit for ion diffusion inside the active material. For structured
porous NMC111 granules with small primary particle sizes in
the range between 350 and 550 nm, ion diffusion is not
limiting anymore, so that the dominating transport mechanism
is the electron conductivity. The latter one is influenced by the
granule structure and areas of contact between primary
particles. For the morphology of individual secondary particles,
the M-factor, which describes the influence of the morphology
on effective conductivity, is a reliable descriptor of granule
coarsening and grain growth. Its value doubles going from
F850 to F900. The same trend is observed in the electro-
chemical performance of F900, which performs superior to
F850. The worst performance among all structured active
materials is observed at 950 °C, which matches almost the
performance for the original reference material because of the
large primary particle sizes. In general, it can be said that there
are two opposed effects of ionic and electronic conductivity on
the secondary particles scale, which are influenced by the
geometry of the underlying active material structure. While
larger primary particles reduce the effective Li-ion conductivity,
well-developed contact areas between primary particles
support electron conduction. Hierarchically structured electro-
des consisting of coarse secondary particles show improved
performance compared to fine ones, which is a combination of
two effects. First, the geometrically predicted effective
conductivity predicted by the M-factors is larger for C850
and C900 compared to F850 and F900. Second, the layer
properties are more optimal. While fine granule powders allow
for a slightly denser packing, the coarse ones show more
favorable transport characteristics in terms of lower values of
τparticle. This is in accordance with the measured electro-
chemical performance of C850 as the best-performing
electrode and the superior performance compared to the
electrodes with fine granules. Altogether, the presented results
show the potential of hierarchical structuring of battery
materials as well as the possibility to tailor the microstructure
and thus the electrochemical properties of the materials via the
underlying process parameters. The processes used for the
synthesis are scalable and are suitable for the production of
hierarchically structured NCM111 materials on a production
scale. In general, the reproducibility of the postprocessing and
the spray drying process is ensured at constant process
parameters. However, a subsequent conditioning of the battery
materials would not be economical, so that the structuring has
to be done already during the production process of the NCM
materials. A further disadvantage of the presented structured
Table 3. Mean Values and Standard Deviations of
Transport-Relevant Parameters Computed from 3D Image
Analysis
sample ε τgeod τparticle [μm
−1] β
F850 0.31 ± 0.01 1.29 ± 0.02 0.18 ± 0.01 0.08 ± 0.01
F900 0.34 ± 0.01 1.28 ± 0.05 0.18 ± 0.01 0.12 ± 0.03
F950 0.30 ± 0.01 1.33 ± 0.03 0.20 ± 0.01 0.09 ± 0.02
C850 0.24 ± 0.02 1.15 ± 0.16 0.01 ± 0.00 0.16 ± 0.21
C900 0.35 ± 0.03 1.21 ± 0.10 0.03 ± 0.00 0.05 ± 0.01
C950 0.28 ± 0.03 1.54 ± 0.69 0.02 ± 0.01 0.11 ± 0.14
original 0.33 ± 0.01 1.24 ± 0.02 0.14 ± 0.00 0.20 ± 0.00
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NCM materials is the high total porosity of the corresponding
electrodes of up to 75%. In further work, it could be shown
that by calendering the electrodes, a densification of up to 40%
total porosity is possible without losing the advantageous
properties of the hierarchically structured materials.
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